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Diffractive neutrino-production of pions on nuclei: 
Adler relation within the color-dipole description 
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Effects of coherence in neutrino-production of pions off nuclei are studied employing the color 
dipole representation and path integral technique. If the nucleus remains intact, the process is 
controlled by the interplay of two length scales. One is related to the pion mass and is quite long 
(at low Q 2 ), while the other, associated with heavy axial-vector states, is much shorter. The Adler 
relation is found to be broken at all energies, but especially strongly at v > 10 GeV, where the cross 
section is suppressed by a factor ~ J 4~ 1/ ' 3 . On the contrary, in a process where the recoil nucleus 
breaks up into fragments, the Adler relation turns out to be strongly broken at low energies, where 
the cross section is enhanced by a factor ~ A 1 ^ 3 , but has a reasonable accuracy at higher energies, 
where all the coherence length scales become long. 

PACS numbers: 13.15.+g,13.85.-t 
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I. INTRODUCTION 

Due to the V — A structure of weak interactions high- 
energy neutrinos serve as a source of the axial current. 
Unfortunately, because of the smallness of the neutrino- 
hadron cross-sections experimental data have been quite 
scarce until recently, mostly being limited to the total 
cross-sections. With the launch of the new high-statistics 
experiments like MINERVA at Fermilab [y, now the 
neutrino-hadron interactions may be studied with a bet- 
ter precision. 

The properties of the vector current have been well 
studied, mostly in collisions of charged leptons with pro- 
tons and nuclei in processes of deep inelastic scattering 
(DIS), deeply virtual Compton scattering (DVCS), real 
Compton scattering (RCS) and meson production. The 
structure of the axial current is less known. 

According to Adler relation (AR) @, Q, the cross sec- 
tion of neutrino interaction at zero virtuality is propor- 
tional to the cross-section of pion interaction on the same 
target and with the same final hadronic state, 
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where Gf = 1.166 x 10 -5 GeV -2 is the electro-weak 
Fermi coupling; F denotes the final hadronic state; E v 
and v are the energy of the neutrino and transferred en- 
ergy in the target rest frame, respectively. 

Nuclear effects in diffractive neutrino-production of pi- 
ons, coherent (yA — > irA) and incoherent (vA — > ttA*), 
were calculated in Q based on the AR and Glauber 
eikonal approximation. The results were different from 
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previous calculations performed in which contra- 
dicted the AR and which were based on an incorrect 
model for nuclear effects (see critical discussion in Q). 

Recently, a large deviation from the AR predictions for 
coherent and incoherent diffractive neutrino-production 
of pions at high energies was discovered in [6fl using a 
simple two-channel toy model which contains only ax- 
ial meson and pion. This deviation is caused by initial 
and final state interactions, called absorptive corrections, 
which are very strong for large rapidity gap processes 
like diffractive production. The onset of these correc- 
tions is controlled by the coherence length l c = 2i//m 2 , 
where v is the transferred energy (or the pion energy), 
and m a ~ 1 GeV. The AR is at work only if the coherence 
length is short compared to the nuclear size, l c <C Ra, 
i.e. at low energies. At higher energies the value of the 
cross section considerably drops, by a factor ~ A^ 1 ^ 3 , 
compared to the AR prediction. In this paper we extend 
the result obtained in [f| and demonstrate that it is valid 
in a realistic color dipole model. 

The nuclear shadowing effect for the total neutrino- 
nucleus interaction at low Q 2 was first calculated in [tJ 
within a specific optical model, which was essentially 
oversimplified. It was also calculated within the Glauber- 
Gribov theory [|, ©| in EMI, and in this case it gave 
good agreement with data from the WA59 experiment 
|13j . This calculation was based on the AR, which in 
this case has no absorptive corrections, and is expected 
to be rather accurate. 

In this paper we describe the neutrino-nucleus inter- 
actions within the color dipole approach which was pro- 
posed in [l4| for description of the high-energy scattering 
processes. The dipole representation is especially simple 
and effective at high energies, where the dipole separa- 
tion does not fluctuate during propagation through the 
nucleus, being "frozen" by Lorentz time dilation. Besides, 
at high energies, or small Bjorken x in deep-inelastic scat- 
tering (DIS), gluonic exchanges with the target domi- 
nate in the scattering amplitude. The phenomenological 
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dipole cross section is usually fitted to HERA data for 
the proton structure function at small x, and it is risky 
to use at at lower energies, where Reggeons, i.e. quark- 
antiquark exchanges become important, and should be 
explicitly added to the dipole cross section. Eventually, 
at energies as low as ^fs < 2 GeV the model is not valid 
and one should refer to other models which contain ex- 
plicit contributions of resonances (see e.g. (l5l . Il6| and a 
recent review in (l7| ) . We perform a more rigorous calcu- 
lation than was done in Q , where the different coherence 
lengths were introduced by hand. 

The color dipole approach was tested in a number 
of photon- nucleon and photon- nucleus processes, such 
as Deep Inelastic Scattering fl8l. Il9j . Drell-Yan reaction 
(2tl | heavy meson production |2l|. as well as deeply vir- 
tual Compton scattering (DVCS), real Compton scat- 
tering (RCS), double deeply virtual Compton scattering 
(DDVCS) on the nucleons and nuclei (See e.g. [H-iH), 
giving a reasonable description of the total and differen- 
tial cross-sections. Also, the color dipole model has been 
applied to the description of the neutrino physics in (29l - 
|36I ). Single-pion production by neutrinos on a proton 
target has been studied recently within the color dipole 
approach in (37| . 

Here we extend the results obtained for neutrino- 
proton interactions in [37]l to the nuclei using the 
Glauber-Gribov approach^, Q. While in the high- 
energy ("frozen") regime the shadowing corrections are 
given by the trivial exponential attenuation factor, we 
use an approach which is also valid at intermediate ener- 
gies, where the dipole size fluctuates during propagation 
through the nucleus. As was discussed earlier, we do not 
consider the region of very low energies (y/s < 2 GeV) 
due to limitations of the model and absence of explicit 
s-channel resonances in the model. 

The paper is organized as follows. In Section [Tl] for the 
sake of completeness we give the formulas which are used 
for evaluation of the color dipole amplitudes on the pro- 
ton. In Section IIIII we discuss the framework which was 
used for evaluation of nuclear corrections. In Section ITVl 
we present results and draw conclusions. 

II. DIFFRACTIVE PION PRODUCTION ON A 
PROTON 

In this section we present a brief survey of the formulas 
for evaluation of the neutrino cross-section on a proton 



target. More details can be found in @. The pion pro- 
duction cross-section in the neutrino-proton collisions has 
the form 

d 3 a„ P ^ P = G 2 F xy 2 L^jW^Yw^ 
dtdQ 2 dx Bj 32tt3Q 4 a „2 y ^/ — i^sg- ' 

where L^ v is the axial lepton tensor, and TT^ 4_>7r is the 
amplitude of pion production by axial current on the pro- 
ton target. In the color dipole model this amplitude has 
the form 

l 

( S ,A,Q 2 ) = ^--M^j J dfcdfa (3) 

x A d (/3i,ri;/3 2 ,f 2 ;A)^i(l3i,fi) 

where and "fj, are the distribution amplitudes of the 
pion and axial current respectively; A is the 4-momentum 
transfer in the dipole-proton scattering, , and A d (.. ) is 
the dipole scattering amplitude. 

The distribution amplitudes are essentially nonpertur- 
bative objects. We parametrize them in the form derived 
in |H-[i3|. The dipole scattering amplitude A d (...)'ni^ 
is a universal object, which depends only on the target, 
but not on the projectile and final states. In addition 
to the axial current contribution, in (J3J) the contribu- 
tion of the vector current should be also present. This 
contribution involves a poorly known helicity flip dipole 
amplitude Ad, which is small [43[ anyway, and therefore 
we neglect it. Moreover, at small Q 2 the vector current 
contribution is suppressed by a factor that goes as Q 2 . 

At high energies in the small angle approximation, 
A/-ys <C 1, the quark separation and fractional momenta 
(3 are preserved, so 

A d (Pi,r 1 ;P 2 ,r 2 ;Q 2 1 A) « 8 (fa - /3 2 )5(ri - r 2 ) (4) 

x (e + i)%mfg(f,K,f3,s) 

where e is the ratio of the real to imaginary parts, and 
for the imaginary part of the elastic dipole amplitude we 
employ the model developed in (22l. I4#j46j . 
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and the phenomenological functions <tq(s), Rq(s), B(s) are fitted to DIS, real photoproduction and irp scattering 
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data. 

In the forward limit, A — > 0, the imaginary par t of the 
amplitude (@| reduces to the saturated form [l8j of the 
dipole cross section, 



a d (r,s) = 9ro/ 9 " (f, A,/3,s 
= (7 (s) 1 - exp 



(6) 



E 2 (a) 



The calculation of the differential cross section also 
involves the real part of scattering amplitude, which ac- 
cording to [47j is related to the imaginary part as 



Kef (A = 0) = s Q tan 



a- 1 



d In; 



d M 3m /(A = 0) 
(7) 

In the model under consideration the imaginary part of 
the forward dipole amplitude indeed has a power depen- 
dence on energy, Zm/(A = 0; s) ~ s a , so simplifies 
to 



tan(f (a-1)) = e. 



(8) 



This fixes the phase of the forward scattering ampli- 
tude, which we retain for nonzero momentum transfers, 
assuming similar dependences for the real and imaginary 
parts. 



III. NUCLEAR EFFECTS 
A. Quark shadowing 

Nuclear shadowing in hard reactions originates mainly 
from the contribution of soft interactions (if any). In the 
color dipole model, the soft contribution arises from the 
so called aligned jet configurations j48j, corresponding 
to qq fluctuations very asymmetric in sharing the pho- 
ton momentum, ft <C 1. Such fluctuations, having large 
transverse separation, are the source of quark shadow- 
ing [49| . They are suppresses for longitudinally polarized 
currents, and do not exist if the hard scale is imposed by 
the heavy quark mass rather than by virtuality Q 2 . This 
clearly shows that quark shadowing is a higher twist ef- 
fect. The leading twist shadowing effects arise from the 
higher Fock components containing gluons, \q~qg). In- 
deed, the gluon carries a small fraction of the total mo- 
mentum, therefore the mean transverse separation of the 
qq and gluon is large even at high Q 2 . We provide more 
details on gluon shadowing in the next section. 

As was discussed in [f|, neutrino-production of pions 
on nuclei is controlled by two characteristic length scales, 
the coherence length for pion production, 
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2u 



(9) 



and the coherence length related to excitation in the in- 
termediate state of axial-vector states, like the ai-meson, 



or a pit pair. The latter has an invariant mass distribu- 
tion, which peaks close to the a\ mass, and can be treated 
as an effective a-pole 0, @, l50l - [52| , 



l" 



Q 



(10) 



For large virtuality Q 2 m 2 the nuclear effects depend 
on one coherence length V c w i". However, for m 2 < 
Q 2 <C m 2 we have V c 3> i", so there are three different 
regimes for the coherence effects. 

• For Z" <C <€. Ra the coherence length is small 
and there is no shadowing. The cross-section of co- 
herent pion production (the nucleus remains intact) 
vanishes, and the incoherent cross section (the nu- 
cleus decays to fragments) is a simple sum of the 
cross-sections on separate nucleons. 

• In the intermediate regime of V c 3> Ra, 1" ^ Ra 
the qq dipole is produced instantaneously inside the 
nucleus and then evolves into the pion wave func- 
tion. For the distribution amplitude of the dipole, 
we may use the distribution amplitude evaluated in 
the IVM. 

• If ^> 1® ^> Ra the axial current fluctuates into 
a qq dipole long before the production of the pion, 
and this meson may scatter on the nucleons. In this 
regime one can treat the dipole size as "frozen" by 
Lorentz time dilation, what considerably simplifies 
the calculations. As was discussed in detail in 
the Adler theorem (QJ is severely broken in this 
regime, even for Q 2 — 0, due to large absorptive 
corrections. 

The theoretical description of the transition region, 
where the lifetime of a qq fluctuation cannot be either ne- 
glected or considered to be sufficiently long to apply the 
"frozen" size approximation, is the most difficult task. In 
this regime a qq dipole propagates through the nuclear 
medium with a varying size. In this paper we employ the 
description of shadowing developed in I53J and based on 
the light-cone Green function technique [54(. The prop- 
agation of a color dipole in the nuclear medium is de- 
scribed as a motion in an absorptive potential, 



8 A ± (r 2 )-e 2 
i- h — ^ + ^(^2,^2) 



dz 2 



2va (1 - a) 



J2 - n 



G (z 2 ,r 2 ;z 1 ,r 1 ) 

(11) 



where the Green function G (z 2 ,f 2 ; zi,fi) describes the 
probability amplitude for the propagation of dipole state 
with size r\ at the light-cone starting point z\ to the 
dipole state with size r 2 at the light-cone point z 2 ; e 2 = 
a(l — a)Q 2 +m 2 , and the imaginary part of the light-cone 
potential describes absorption in the nuclear medium, 



3m U{r, z) 



1 



j(r) p A {b,z) 



(12) 
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In this paper we assume that the real part of the scat- 
tering potential is zero. This approximation is justified 
for large Q 2 , and for small Q 2 the real part should be 
added, as was done in (55| . 

Then the shadowing correction to the amplitude of the 
coherent pion production gets the form 



A(A)= / dzd 2 bp A (b,z)e* b -*(F 1 (b,z)-F 2 (b,z)), 



where 



(13) 



F 1 (b,z) = I dad 2 r 1 d 2 r 2 ^ } (a, r 2 ) G (+00, r 2 ; z, fi) 
x aq q {ri)^i{a,rx) 



F2Q), z) = J dz 2 dad nd r 2 d rs^/ (a, rs) 

x G(+cc,r 3 ;z,r 2 )<7q q (r 2 ) G (z,r 2 ; z 2 ,n) 
x pa { z 2i b) tjqq (t\) (a, n) 

Equation (|lip is quite complicated and in the general 
case can be solved only numerically [56j . However in 
some cases an analytic solution is possible. For example, 
in the limit of a long coherence length, l c ^> Ra, rele- 
vant for high-energy region, one can neglect the "kinetic" 
term oc A r2 G (z 2 ,r 2 ; z\,ri) in and the Green func- 
tion formalism reproduces the well-known eikonal for- 
mula in the "frozen" approximation [54| : 



G{z 2 ,r 2 ;zi,r 1 ) = 6 2 (f 2 - n) 

~2 



(14) 



The first term inside the square brackets in (|15p is sup- 
pressed as 0(m), since the transition from spin-1 to spin- 
state requires helicity flip for one of the quarks in the 
quark-antiquark pair, so the amplitude may be rewritten 
as 



-2 



x exp 



d 2 be lA ^ 



dad 2 r^ f (a,r) % n (a,r) 





+00 



d( PA (C,6) 



(16) 



Another case when the Green function G (z 2l r 2 ; z\, r±) 
may be evaluated analytically is when the initial and final 
sizes of dipole are small, |ri| ~ |r 2 | -C Ro(s). In this case 
one can approximate in the rhs of Eq. (Ilip 



<?qq(r) 



Cr 2 , 



(17) 



so the solution corresponds to the Green function of an 
oscillator with a complex frequency, 



G {z 2 ,r 2 ;z 1 ,r 1 ) 
x exp 



2 sin (wAz) 



2ni sin (wAz) 
[(r\ + r 2 ) cos (wAz) - 2fi • f 2 ] 



(18) 



so the amplitude (|13p simplifies to 



A(s,A ± ) 



d 2 be 



1 — exp 



iA J_-6_L 



da d 2 r / (a, r) (a, r) x 



2 -2iCpA 
va(Y — a) 
a 2 = —iCpAvaiX — a)j1. 



+00 



-~°qq( T ) 



d( PA (C,b) 



Then for the functions F\^ 2 we can obtain explicit expres- 
(15) sions, 
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F x (b,z) = / dad 2 r 1 d 2 r 2 ^f{a,r 2 ) 



F 2 (b,z) 



^-^r cxp ( - , m - - [Yr? + r 2 ,) cos (wAz) - 2fi • r 2 l ) (19) 

27risin(wAz) F V 2 sin(wAz) LV 1 2y v ' ) Az=z _ z 



x £7 $g (ri,s)*i„(Q! ) rL). 



dz 2 / dad 2 rid 2 r'2d 2 r3* / (a,r3)cr ( j 9 (r2,s)p y! i(&,Z2)CT5 (? (ri,s) 



(20) 



exp 



27ri sin (wAz) \2sin(wAz) / Az=z -z 

■ ■ "/ A X eX P ( o • /"a ^ t( r l + COS ( WAZ ) - 2f l • ?2 \ ) *.n (a, #=i) . 

2m sin (wAzj \2sm(ajAz) LV ' J Az=z -z 
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In our evaluations of G (z2, J"2; zi, ri) we used a numer- 
ical procedure discussed in detail in [5y| . We would like 
to emphasize that in contrast to our previous evaluation 
of the pion production on a proton in this paper we do 
not introduce by hand the coherence lengths of the pion 
and effective axial meson state. They appear effectively 
after convolution with proper distribution amplitudes. 

In addition to the coherent processes which leaves the 
recoil nucleus intact, a large contribution to pion produc- 
tion comes from incoherent pion production, where the 
target nucleus breaks up to fragments without particle 
production, like in quasi-elastic scattering. In this case 
one can employ completeness of the final states, which 
greatly simplifies the calculations. The analysis of such 
processes for the electroproduction of vector mesons was 
done in (57| . Its extension to the neutrino- production is 
straightforward and yields 



dtdvdQ 2 



= / d 2 bdz 



ib-A 



p A (b,z)\F 1 (b,z)-F 2 (b,z)f 
(21) 

Differently from the coherent case, the energy depen- 
dence of the cross-section is controlled only by the coher- 
ence length related to the heavy axial state. 



B. Gluon shadowing 

As was mentioned above, the presence of higher Fock 
components containing gluons leads to an additional sup- 
pression caused by multiple interactions of the gluons. 
This suppression is called gluon shadowing. It is con- 
trolled by a new length scale Zf, which turns out to 
be much shorter than the coherence length for quarks. 
As a result, no gluon shadowing is possible at Bjorken 
x > 10~ 2 . Notice that at small Q 2 Bjorken x is not a 
proper variable, and one should switch to the energy de- 
pendence. In this case the analog of gluon shadowing is 
the Gribov inelastic shadowing correction [58[ related to 
triple-Pomeron diffraction. 



In terms of the parton model one can interpret gluon 
shadowing as fusion of gluons originated from different 
bound nucleons in the nucleus. Such a nonlinear effect 
leads to a reduction of the gluon density at small x com- 
pared with an additive density [58[ - [60| . While the quark 
distribution is directly measured in DIS, gluons can be 
probed only via evolution, and this is why measurement 
of gluon shadowing is still a challenge. The leading order 
analysis [6l| based on the DGLAP evolution was found 
to be insensitive to gluon shadowing. Inclusion of data 
on hadronic collisions made the analyses (62l . lo3| depen- 
dent on debatable theoretical models, and led to such a 
strong gluon shadowing that the unitarity bound J6J| was 
severely broken. The next-to-leading order fit [65| suc- 
ceeded to constrain the gluon shadowing correction at a 
rather small magnitude. 

The theoretical predictions for gluon shadowing 
strongly depend on the implemented model-while for 
x > 10~ 2 they all predict that the gluon shadowing is 
small or absent, for x < 10 -2 the predictions vary in a 
wide range (see the review [66j and references therein). 
Evaluation of the gluon shadowing within the color dipole 
model was performed in [HD, [6?} ■ In Fig. [T]the ratio of 
gluon distribution functions 



Rg (v, Q ) = 



9A (x,Q 2 



Ag N {x,Q 2 ) 



x—Q 2 j2ra^v 



is plotted as function of energy v for lead (A = 208). 
We see that in the energy range v < 100 GeV gluon 
shadowing gives a small correction of the order of few 
percent, so it can be safely neglected. 



IV. RESULTS AND DISCUSSION 

In this section we present the results of numerical cal- 
culations. In this paper we make predictions in the 
kinematics of the ongoing Minerva experiment at Fer- 
milab [l], [68j]. While there are other experiments with 
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Figure 1: Gluon shadowing as a function of energy. See [5E 
[671 ] for details of evaluation. 



energies even higher than for Minerva, they have a much 
worse statistics |69l . pTOj ] . 

In Fig. [5] the ratio of the cross-sections on nuclei and 
nucleoli, 



da 



/dtdvdQ 2 



A 2 da 



/dtdvdQ 2 



(22) 



is plotted as function of transferred energy v. In the 
same Figure we plotted with dashed lines predictions of 
the Adler relation. As was discussed in Sect. Mil diffrac- 
tive pion production on nuclei is characterized by three 
physically distinct energy intervals, controlled by the co- 
herence lengths related to the masses of pion and heavy 
axial states. Indeed, one can see in the left pane, the 
cross-section has three different regimes. The low energy 
region, v < 1 GeV, is controlled by the pion coherence 
length, and the cross section is suppressed if Z£ is short. 
Notice, however, that at these low energies the dipole de- 
scription is rather formal, because one should take into 
account the resonances like was done in [l^, [lj| . 

In the region 1 < v < 10 GeV the final qq dipole (pion) 
is produced momentarily, and the absorptive corrections 
suppress the cross section of neutrino-production of pions 
qualitatively in the same way as shadowing does in the 
pion-nucleus elastic cross section. However, as will be 
discussed below, due to the fact that in color dipole model 
there is no explicit axial meson states, the cross-section is 
up to thirty percent less than the prediction given by the 
Adler relation ([1]). This issue will be discussed in detail 
a few paragraphs below. 

In the region v > 10 GeV all the coherence time scales 
become long, so the qq dipole is produced long in advance 
of the interaction and propagates through the whole nu- 
cleus. In this case the absorptive corrections reach the 
maximal strength and suppress the cross section consid- 
erably. One can see that in the right pane of Fig. [5] 



The plotted results also show that the plateau contracts 
when Q 2 increases, in agreement with coherence lengths 
dependence on Q 2 given in (|9ll0p . 

In the Figure [3] we compare the results for the ratio 



1 d 2 a A /dvdQ 2 
A d 2 a N /dv dQ' 2 



(23) 



plotted by solid curves vs energy is, with the expecta- 
tions based on the Adler relation shown by dashed lines. 
Our results are below the Adler relation predictions at all 
energies. As was explained in at low energy the am- 
plitudes of pion production on different nucleons are out 
of coherence, because the longitudinal momentum trans- 
fer is large. At high energies, according to [f|, the lifetime 
of the intermediate heavy states (ai meson, pit, etc.) is 
long, and absorptive corrections suppress the coherent 
cross section. 

There is, however, a wide energy interval from few hun- 
dreds MeV up to about 10 GeV where the Adler relation 
was predicted to be at work J6J. Now we see that even 
at these energies the Adler relation is broken. To un- 
derstand why this happens notice that an effective two- 
channel model used in [f| assumed dominance of two 
states in the dispersion relation for the axial current, the 
pion and an effective axial vector pole a with the mass of 
the order of 1 GeV. The condition of validity of the Adler 
relation was shortness of the coherence length related to 
the mass of the a-state compared to the nuclear size, 



K = 



2v 



Q 2 



< Ra- 



(24) 



In contrast to the simple model, the invariant mass of 
a qq dipole is not fixed, m| g = (m 2 + k^,)/a(l — a), 
where a is the fractional light-cone momentum of the 
quark. Correspondingly, the related coherence length, 
V/ q is distributed over a wide mass range, and while the 
center of the distribution and large masses lead to a short 
Zf 9 , the low-mass tail of this distribution results in a long 
If 1 S> Ra- For this reason the absorption corrections 
suppress the cross section, as we see in Fig. [3] even at 
moderate energies. 

In Fig. [3] the ratio of the incoherent nuclear-to-nucleon 
cross-sections 



n A/N 



(t,V,Q 2 



da. 



A^flnA 



/dtdvdQ 2 



A davN^inN I dtdvdQ 2 



(25) 



is plotted versus energy v. As was discussed in Sec- 
tion Hill the energy dependence of the incoherent cross- 
section is controlled only by the shortest coherence length 
Z", related to the heavy axial states, so there are only two 
regimes: Z" < Ra and Z" > Ra- Our numerical calcula- 
tions confirm such a behavior. 

Interesting that in this case of incoherent pion pro- 
duction the Adler relation turns out to be severely bro- 
ken at low energy, but is restored at high energies when 
Z" ^ Ra, i-e. demonstrating a trend opposite to coher- 
ent production. Indeed, according to the Adler relation 
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Figure 2: [Color online] //-dependence of the ratio of the coherent forward neutrino-pion production cross-sections on nuclear 
and proton targets. Left: ^-dependence of the ratio for different nuclei at Q 2 = 0. Solid curves correspond to the color 
dipole model, dashed lines show the predictions of the Adler relation. Right: ^-dependence of the nuclear ratio vs Q 2 for lead 
(A = 208). 
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Figure 3: [Color online] Comparison of the nuclear effects pre- 
dicted in [g| (dashed curves) and in this paper (solid curves). 



the cross section of incoherent pion production is propor- 
tional to the cross section of quasi-elastic pion-nucleus 
scattering nA — > ttA*, where the projectile pion must 
propagate and survive through the whole nuclear thick- 
ness. The same occurs with the qq dipole in the case of 
l a c > R A - 

Comparison of Figs. [2] and H] shows that in the for- 
ward kinematics (Aj_ = 0) the coherent cross-section is 
much higher than the incoherent one. However, for the 
off-forward case the coherent cross-section is suppressed 
by the nuclear formfactor, whereas the incoherent cross- 
section is controlled by the proton formfactor. For this 
reason, for sufficiently large values of t = A 2 the incoher- 



i ' i ' i ' i 

1 10 1 10 2 

v , GeV 

Figure 4: [Color online] //-dependence of the ratio of the in- 
coherent forward pion neutrino-production cross-sections on 
nuclear and proton targetsat different virtualities Q 2 . 



ent cross-section surpasses the coherent one. 



V. SUMMARY 

We performed calculations for the nuclear effects in 
diffractive neutrino-production of pions basing on the 
color-dipole description. The non-zero phase shifts be- 
tween the production amplitudes on different bound nu- 
cleons are taken into account applying the path integral 
technique. The results confirmed the presence of promi- 



8 



nent structures in the energy dependence of coherent and 
incoherent processes on nuclei. Although the general pat- 
tern of nuclear effects agrees with what was predicted in 
Q within a simple 2-channel model, the new important 
features are observed basing on the more detailed dynam- 
ics of the dipole description. Namely, while the effective 
2-channel model predicted validity of the Adler relation 
in the wide energy interval from few hundreds MeV up 
to about lOGeV with the dipole approach we found 
a considerable suppression of the nuclear cross section 
compared to the result of the Adler relation within the 
same energy interval. This happens, due to a contribu- 
tion of light dipoles possessing a longer coherence length 
compared to the fixed mass heavy intermediate state as- 



sumed in the 2-channel model. The contribution of such 
light dipoles is subject to strong absorptive corrections 
reducing the cross section. At the same time, at high 
energies both models predict a similar strong breakdown 
of the Adler relation. 
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